We present a study of the low-frequency radio properties of broad absorption line quasars (BALQSOs) from the LOFAR Two-metre Sky-Survey Data Release 1 (LDR1). The value-added LDR1 catalogue contains Pan-STARRS counterparts, which we match with the Sloan Digital Sky Survey (SDSS) DR7 and DR12 quasar catalogues. We find that BALQSOs are twice as likely to be detected at 144 MHz than their non-BAL counterparts, and BALQSOs with low-ionisation species present in their spectra are three times more likely to be detected than those with only high-ionisation species. The BALQSO fraction at 144 MHz is constant with increasing radio luminosity, which is inconsistent with previous results at 1.4 GHz, indicating that observations at the different frequencies may be tracing different sources of radio emission. We cross-match radio sources between the Faint Images of the Radio Sky at Twenty Centimeters (FIRST) survey and LDR1, which provides a bridge via the LDR1 Pan-STARRS counterparts to identify BALQSOs in SDSS. Consequently we expand the sample of BALQSOs detected in FIRST by a factor of three. The LDR1-detected BALQSOs in our sample are almost exclusively radio-quiet (log(R144 MHz) < 2), with radio sizes at 144 MHz typically less than 200 kpc; these radio sizes tend to be larger than those at 1.4 GHz, suggesting more extended radio emission at low frequencies. We find that although the radio detection fraction increases with increasing balnicity index (BI), there is no correlation between BI and either low-frequency radio power or radio-loudness. This suggests that both radio emission and BI may be linked to the same underlying process, but are spatially distinct phenomena.
Introduction
Quasars and active galactic nuclei (AGN) often produce powerful outflows as they accrete material from their host galaxies. These outflows can take the form of collimated radio jets or wider-angle winds emanating from the accretion disc. Some of the most striking evidence for winds comes from broad absorption line quasars (BALQSOs; Foltz et al. 1987; Weymann et al. 1991) . BALQSOs are a subset of quasars which exhibit broad, blue-shifted absorption lines in their ultraviolet (UV) spectra, providing clear evidence of outflowing material intersecting the line of sight. The outflowing winds are a natural means for the AGN to provide feedback (e.g., King 2003) impacting its host galaxy's evolutionary path.
In addition to deep, blue-shifted absorption troughs, BALQSOs are often highly reddened by dust absorption (Sprayberry & Foltz 1992; Reichard et al. 2003) which can obscure the optical continuum. The fraction of BALQSOs in optical quasar samples is typically found to be about 10 percent (e.g., Weymann et al. 1991; Trump et al. 2006; Gibson et al. 2009 ), but there is growing evidence from other wavebands that the intrinsic fraction is higher. Studies over the last couple decades have found intrinsic fractions closer to 20 percent (or higher) from the infrared (e.g., Dai et al. 2008; Ganguly & Brotherton 2008; Maddox et al. 2008) , radio (e.g., Becker et al. 2000) , or re-analysis of optical wavebands (e.g., Allen et al. 2011; Knigge et al. 2008; Dai et al. 2012) . They are intrinsically X-ray weak (Sabra & Hamann 2001; Clavel et al. 2006; Grupe et al. 2008; Morabito et al. 2014) as well as obscured, with typical intrinsic absorbing column densities of N H ∼ 10 22−24 cm −2 . X-ray observations also suggest that the X-ray absorbing material may be located along a different line of sight than the UV absorbing winds (Morabito et al. 2011) .
BALQSOs can be classified according to the absorption lines present in their spectra. Systems which show only absorption in high ionization species like Civ and Nv are known as HiBALs and are more common, while a small subset (∼ 10%) also show absorption in low ionization lines like Mg ii 2800Å and Al iii 1857Å (LoBALs) or even Feii and Feiii lines (FeLoBALs) . LoBALs tend to be found in systems with particularly broad, deep absorption troughs in Civ (Weymann et al. 1991; Voit et al. 1993; Reichard et al. 2003; Filiz Ak et al. 2014) . LoBALs and especially FeLoBALs have been posited to be at a particular evolutionary stage of BALQSOs (e.g., Farrah et al. 2007; Lipari et al. 2009; Hall et al. 2011 ), but can also be explained by geometric models where their lines of sight intersect cooler material (Elvis 2000; Dai et al. 2012; Matthews et al. 2016) , and are a particularly interesting sub-sample of BALQSOs.
Unifying BALQSOs with non-BAL quasars is normally done via geometric models, in which BALQSOs are quasars viewed along a particular line of sight that intersects with outflowing material (e.g., Weymann et al. 1991; Elvis 2000; Ghosh & Punsly 2007) ; or evolutionary models, in which BALQSOs represent an early stage in the evolution of a quasar (e.g., Hazard et al. 1984; Surdej & Hutsemekers 1987; Lipari et al. 2009 ). In the former, the BAL phenomenon is often incorporated into a model with an equatorial disc wind that can also produce broad emission lines (Murray et al. 1995; de Kool & Begelman 1995; Elvis 2000) . Overall, however, BALQSOs and their winds must be subject to both evolutionary and viewing angle effects; quasars evolve and quasars have an orientation. This presents a major obstacle to understanding the BAL phenomenon. One simple example is the overall line opacity in the BAL trough: an increase in opacity could be indicative of a higher mass loss rate (favouring evolution), or a sight-line that cuts through more optically thick material. This is seen in radiative transfer simulations (Borguet & Hutsemékers 2010; Higginbottom et al. 2013; Matthews et al. 2016) . The similarity in emission line properties between BALQSOs and non-BAL quasars (Weymann et al. 1991; DiPompeo et al. 2012; Matthews et al. 2017; Yong et al. 2018) hints at a problem with simple orientation models, but this is tempered by the lack of a reliable orientation indicator in quasars generally (e.g. Marin 2016 ). The picture is confused further by polarisation measurements implying equatorial winds (Goodrich & Miller 1995; Cohen et al. 1995; Ogle et al. 1999) , the discovery of polar winds in BALQSOs (Zhou et al. 2006; Ghosh & Punsly 2007) and some inferred BAL outflow distances of > 100pc .
The need for a clear indication of orientation has led previous studies to explore the radio properties of BALQSOs. The radio loudness parameter describes the ratio of radio to optical luminosity (e.g., Kellermann et al. 1989) , R = L radio /L optical , and sources with higher or lower values of R are referred to as radio-loud or radio-quiet, respectively. Initially BALQSOs were found in only radio-quiet sources (Stocke et al. 1992 ), but subsequent radio observations showed that BALQSOs could indeed be radio-loud (Brotherton et al. 1998; Becker et al. 2000; Gregg et al. 2000) . Spectroscopic follow-up of the Faint Images of the Radio Sky at Twenty Centimeters (FIRST; Becker et al. 1995) showed a higher incidence of BALQSOs than seen in optical surveys, and established that while most BALQSOs are radio-quiet to radio-moderate, a significant number are radio loud . In radio-loud quasars, with extended jets that can be easily resolved, observations of the jets themselves give a clear indication of the orientation (e.g., Barthel 1989; Morabito et al. 2017 ).
For radio-loud quasars, unification of quasars and BALQSOs via geometry would imply changes in the radio spectrum. This arises from the relativistic beaming of radio emission from a jet close to the line of sight (e.g., Orr & Browne 1982) , which produces flat-spectrum radio emission in core-dominated sources, and steep-spectrum emission otherwise. This radio component of unification by orientation models is only useful if the radio emission does in fact arise from synchrotron-emitting jets/lobes. The radio emission mechanisms in radio-quiet AGN and quasars are still under debate, and may arise from accretion-related processes such as small-scale jets (e.g., White et al. 2015) or disc-winds (Blundell & Kuncic 2007) ; alternatively, it could be due to star formation (Padovani et al. 2011 ). Recent radio studies using very long baseline interferometry (VLBI) have shown that 'radio-loud' BALQSOs tend to have smallscale jets with typical sizes of tens of kiloparsecs (Jiang & Wang 2003; Liu et al. 2008; Bruni et al. 2013; KunertBajraszewska et al. 2015; Cegłowski et al. 2015) . There is no general consensus amongst these studies whether orientation or evolution is the dominant factor in the unification of BALQSOs and non-BAL quasars.
Several studies of BALQSOs suggest that they have similar radio properties to compact steep spectrum (CSS) or gigahertz-peaked spectrum (GPS) sources, which are generally thought to be young (Fanti et al. 1990 ), or frustrated jets in dense environments (van Breugel et al. 1984) . BALQSOs certainly have small linear sizes which are consistent with CSS/GPS sources. Montenegro-Montes et al. (2008) found that for a sample of 15 BALQSOs, all sources had convex spectra, most with peak frequencies between 1 and 5 GHz, typical for CSS/GPS sources. More recently, Bruni et al. (2012) found that the incidence of GPS sources amongst BALQSOs was the same as that for non-BAL quasars, inconsistent with BALQSOs as a complete class of younger objects.
The advent of the new LOFAR Two-metre Sky Survey (LoTSS; Shimwell et al. 2017 ) is an excellent opportunity to study an all-sky sample of thousands of BALQSOs with unprecedented sensitivity in the radio regime, and add information about the low-frequency radio properties. LoTSS Data Release 1 (LDR1; Shimwell 2018) covers just over 400 square degrees and contains about 320,000 discrete radio sources. LoTSS has similar resolution to FIRST, but is about an order of magnitude deeper for sources with typical synchrotron spectra. Radio emission in extragalactic sources is generally ascribed to two processes: synchrotron and Bremsstrahlung (also called free-free). Synchrotron emission yields a power law with a spectral index such that S ∝ ν −α ; the flux density S will be brighter and dominate at low frequencies. Free-free emission has a fairly flat spectral index and a low frequency cutoff around 1 GHz. Synchrotron processes will therefore dominate at radio frequencies below 1 GHz, while radio observations above this frequency, like those from FIRST, can exhibit a combination of emission from both synchrotron and freefree emission. The low observing frequency of LoTSS -144 MHz -ensures that radio spectra are dominated by synchrotron emission. Combining FIRST and LoTSS detections of BALQSOs is also useful to help determine the overall radio properties of BALQSOs.
In this paper we use LDR1 to study, for the first time, the low-frequency radio properties of BALQSOs. We examine the observed low-frequency radio properties, and also how they correlate with the balnicity index (BI; a property which describes the BAL outflows, see Sect. 2.1). We also exploit the sophisticated cross-matching of radio sources to Pan-STARRS1 ) in LDR1 as a bridge between FIRST and SDSS to yield a significantly higher number of BALQSO/FIRST associations than previously found. This provides a more complete picture of the radio properties of BALQSOs than in previous studies.
The paper is organised as follows. The observational data and BALQSO identification are described in Sect. 2, followed by the results in Sect. 3. Sections 3.1-3.6 cover general radio properties, while Sect. 3.7 covers absorption line properties. A discussion of these results can be found in Sect. 4. The summary and conclusions are given in Sect. 5.
Throughout this paper, we have assumed a cosmology in accordance with Planck Collaboration et al. (2016): H 0 = 67.8, Ω m = 0.308, and Ω Λ = 0.692. To handle small numbers when counting sources, counting errors are always estimated using Monte-Carlo simulations drawn from Poissonian distributions; in the large number limit this converges to the Gaussian distribution. Flux density S is related to the spectral index α by S ∝ ν α .
Observational data
2.1. LoTSS Data Release 1: value-added catalogue LDR1 (Shimwell 2018) contains almost 320,000 unique radio sources and covers over 400 square degrees with 58 individual pointings of 8 hours each. These were mosaicked into a mostly continuous area between right ascension 161 to 231 degrees and declination 45.5 to 57 degrees. The average sensitivity of the survey is 70 µJy beam −1 , although this varies throughout the region due to data quality, calibration accuracy, and dynamic range limitations. The astrometry of LDR1 is tied to Pan-STARRS1 (PS1; Chambers et al. 2016; Magnier et al. 2016 ). The mean offset from both FIRST and WISE is less than 0.05 arcsec, with standard deviations from this value of 0.8 arcsec (WISE) and 1.2 arcsec (FIRST). The flux scale was bootstrapped from Very Large Array Low-frequency Sky Survey Redux (VLSSr; Lane et al. 2014) and Westerbork Northern Sky Survey (WENSS; Rengelink et al. 1997) , following the method described in Hardcastle et al. (2016) . Remaining uncertainties were estimated by comparing the flux densities in each pointing with TGSS (Intema et al. 2017) , and are generally no more than 20 percent.
The LDR1 catalogue (version 1.2) includes value-added information from PS1 and the AllWISE Source catalogue (Cutri 2012) . The LDR1 radio sources were morphologically classified and then cross-matched to the optical and infrared (IR) data via a combination of likelihood ratio matching (e.g., McAlpine et al. 2012; Smith et al. 2011) and visual identification through the use of a LOFAR Galaxy Zoo project. For details of the morphological classification and all cross-matching, see Williams (2018) . Overall 73 percent of LDR1 radio sources have matches to the optical/IR data. The value-added catalogue includes fluxes from PS1 bands g, r, i, z, y, and WISE bands 1, 2, 3, 4. Photometric redshifts exist in the value-added catalogue (Duncan 2018) but are not used in this paper as we use spectroscopic redshifts from the Sloan Digital Sky Survey, as discussed in the next sub-section.
Optical data and derived quantities
We used the quasar catalogues from the Sloan Digitial Sky Survey (SDSS) Data Release 12 (DR12; Pâris et al. 2017) and Data Release 7 (DR7; Shen et al. 2011) . During the time of writing, DR14 became available but would have only increased the total sample size by 4 percent within the redshift range considered here. Weighing this small increase against the fact that BALQSOs in DR14 were identified via automated methods only, which can be inaccurate, we chose not to use DR14. The DR7 and DR12 catalogues contain SDSS sources which have been visually identified from their spectra as quasars. Within the area covered by LDR1, which we defined by generating a Multi-Order Coverage map (MOC) 1 from the LDR1 catalogue, all quasars are in both the DR12 and DR7 quasar catalogues. We took the DR12 catalogue as the basis for our sample, and supplemented this with additional data columns from DR7 where they did not exist in DR12. We added bolometric luminosities and Eddington ratios where they exist in the catalogue from Shen et al. (2011) , and filled in values from Kozłowski (2017) where they do not exist in the Shen et al. (2011) catalogue. For the relevant redshift range in this study, bolometric luminosities are available for over 99.8 percent of the sample. Eddington ratios are available for over 75 percent of LoBALs, over 83 percent of all BALQSOs, and 94 percent of non-BAL quasars. Considering all sources (i.e., whether or not they are LDR1 detected) increases these percentages slightly, but only by 1-3 percent.
Within the LDR1 sky coverage, there are 21 812 quasars. This sample is 100 percent spectroscopically complete with the visually inspected redshifts of DR12. We classify BALQSOs using the balnicity index (BI), which was proposed by Weymann et al. (1991) and is widely used to classify BALQSOs. The BI of a quasar is defined as
where v is velocity with respect to line centre in km s
and F (v) is the continuum-normalised flux. The constant C B is set to 1 once F (v) has been less than 0.9 for at least 2000 km s −1 , otherwise C B = 0. An object is then classified as a BALQSO if BI > 0. An alternative metric for classifying BALQSOs is the absorption index (AI), originally described by Hall et al. (2002) and adapted by Trump et al. (2006) . The AI is given by
where the constant C A is set to 1 in all troughs that satisfy F (v) < 0.9 over an interval wider than 1000 km s −1 . A number of differences exist between AI and BI selected samples (see e.g. Knigge et al. 2008) , such that it is possible to measure BI = 0 for AI > 0. Given these differences, and the bimodality in AI distributions (Knigge et al. 2008) , we choose only 'bona-fide' BALQSOs by requiring BI > 0 and marked in the DR12 catalogue as BAL via visual identification. Selecting objects with BI > 0 yields a total of 1 045 BALQSOs.
To identify low-ionisation BALQSOs (LoBALs), which exhibit broad absorption lines from Mg ii 2800Å and/or Al iii 1857Å, we first calculated the AI in Mg ii 2800Å and Al iii 1857Å using the DR12 pipeline model fits to normalise to the continuum. We then constructed a LoBAL shortlist from our BALQSO catalogue, requiring that objects have either AI > 0 or an absorption equivalent width in the DR12 pipeline model fit. This shortlist was then visually examined to confirm the presence of LoBAL absorption. Our criteria for LoBAL identification is thus that the object was already identified as a BALQSO in the SDSS DR12, and shows additional broad absorption in one or both of the Mg ii 2800Å and Al iii 1857Å lines, though we do not require that the LoBALs meet the more stringent BI criterion in these lines (only in C iv). Such a definition is appropriate given the difficulties in accurately determining BI in low ionization lines (see e.g. Weymann 2002; Hall et al. 2002; Hewett & Foltz 2003; Dai et al. 2012) . Classifying LoBALs in this way also means that our LoBAL selection is roughly equivalent to the 'AI-LoBAL' sample of Dai et al. (2012) . The remaining BALQSOs we treat as HiBALs. As we use the Mg ii 2800Å and Al iii 1857Å to identify LoBALs, this necessarily limits our redshift range to where either line can be identified within the SDSS coverage. This is described in the next sub-section.
Quasars and BALQSOs in LDR1
We cross-matched ≥ 5σ sources from LDR1 and the combined DR12/DR7 catalogue using the optical positions in each catalogue and a 1 search radius. The final sample is limited in redshift, as BALQSOs can only reliably classified via their C iv troughs when they fall within the observed wavelength coverage of SDSS. We inspected the redshift distributions and fraction of BALQSOs as a function of redshift, see Figure 1 , to determine a redshift range of 1.7 ≤ z ≤ 4.3 for the final sample. Below z = 1.7, the fraction of BALQSOs drops (artificially) to virtually zero due to the wavelength coverage at that redshift. Above z = 4.3, the fraction of BALQSOs increases slightly, but the rapidly decreasing number of total sources means that comparing BALQSOs to quasars becomes increasingly less meaningful. An upper redshift limit of 4.3 also ensures that the wavelength range always includes Al iii 1857Å for LoBAL identification.
The quasar sample is summarised in Tab. 1. Although we list the total number of quasars and BALQSOs within the LDR1 MOC, the fractions of BALQSOs are not representative since they cannot be identified outside of 1.7 ≤ z ≤ 4.3. The bottom half of Tab. 1 is the final sample that is used in the rest of this study. Eight percent of quasars are identified as BALQSOs, and 12 percent of BALQSOs are LoBALs (one percent of quasars are LoBALs).
Revisiting 1.4 GHz radio detections
The FIRST survey also covers the LDR1 area, to a depth of ∼ 0.15 mJy at 1400 MHz. Cross-matches with DR7 quasar catalogue are reported in Shen et al. (2011) . The radio detection fraction for the BALQSOs in DR7 has been well studied (e.g., Stocke et al. 1992; Becker et al. 2000; Shankar et al. 2008; Dai et al. 2012) and is generally about 20 percent. Within the LDR1 area and 1.7 ≤ z ≤ 4.3 there are 119 FIRST matches in DR7, 16 of which are BALQSOs. These matches were found by previous authors using a simple twostep automated radius cross-matching of FIRST sources to the SDSS quasar positions, using either a 30 radius to find extended radio counterparts, or a 5 radius to find coredominated radio counterparts. LoTSS has distinct advantages over this type of radius cross-matching. One major gain is in sensitivity; for a radio source with a typical synchrotron spectral index α ≈ −0.7, LoTSS is almost an order of magnitude times more sensitive than FIRST. This increased sensitivity not only increases the astrometric accuracy, but also makes it easier to identify the host galaxies of extended radio sources, as the diffuse extended radio emission is often offset from its host galaxy, making an association difficult. Another major gain is the more sophisticated cross-matching of LoTSS sources to PS1 optical counterparts; see Sect. 2.1 and Williams (2018) for more details.
LoTSS and FIRST have comparable resolutions (∼ 6 ), and we cross-matched the two radio catalogues with a nearest neighbour algorithm with a radius search of 3 , using only FIRST sources which are not likely to be the sidelobe of a nearby bright source (p_S<0.5). From this radio-radio association, which should not suffer from physical offsets, we used the LDR1 optical counterparts to perform a positional cross-match between Pan-STARRS and SDSS with a search radius of 1 , providing a secure way to associate the FIRST radio sources with SDSS. Doing so yields 381 sources within our sample that are detected in FIRST, 31 of which are BALQSOs. The total number of sources with FIRST detections is thus increased by a factor of 3.2, while the number of BALQSOs doubles. We checked that the values present in DR7 match those of the LOFAR/FIRST matches from this study, and found that all 119 FIRST sources have been identified with the same DR7 quasar.
Results

LDR1 detection fraction and selection effects
The low-frequency radio detection fraction in our redshiftlimited sample can be calculated directly from the values in Tab. 1. Twelve percent of all quasars have LoTSS DR1 counterparts. About 23 percent of BALQSOs have LoTSS DR1 counterparts, while 40 percent of LoBALs have LoTSS DR1 counterparts. The low-frequency radio detection fraction of BALQSOs is therefore about twice that of all quasars (including BALQSOs), and the low-frequency radio detection fraction of LoBALs is even higher. We first explore how the LDR1 detection fraction depends on other parameters. Figure 2 shows the LDR1 detection fraction as a function of redshift, for the total sample, the subset which are HiBALs, and the subset which are LoBALs. Within the redshift range 1.7 ≤ z ≤ 4.3 the mean LDR1 detection fraction for non-BAL quasars is 0.13, while for the BALQSO sub-population, the mean LDR1 detection fraction for BALQSOs is 0.23. The detection rate for BALQSOs is therefore almost twice as high as that for non-BAL quasars.
Dividing the BALQSOs into LoBALs and HiBALs, and not considering any non-BAL quasars when calculating the detection fractions, we found that the radio detection fraction is 0.40 for LoBALs, and 0.21 for HiBALs. To determine if this is a result simply of the fact that LoBALs tend to have higher BI values, we divide the HiBALs into low and high BI bins, such that the cut-off between the BI bins yields a high-BI bin for HiBALs where the median BI value matches the median BI value of LoBALs. For z 3, the HiBALs with high BI values tend to have higher radio detection fractions, although both low and high BI samples agree within the uncertainties. The radio detection fractions above z ≈ 3 have much larger uncertainties, and although it appears there is a reversal of the trend, this is not secure. Although it is tentative because of the large uncertainties, it does not appear that large values of BI alone are enough to cause the large radio detection fraction of LoBALs. Larger LoTSS samples in the future will allow us to draw stronger conclusions.
There is clear evidence that the intrinsic fraction of BALQSOs is higher than the observed fraction in optical surveys(e.g., Knigge et al. 2008; Dai et al. 2008 Dai et al. , 2012 , implying that samples of optically-selected BALQSOs are biased. We therefore investigate whether there are significant selection effects that would bias the radio detection fractions.
There are two main factors that could cause biases in the observed fraction of BALQSOs. First, if the BAL troughs are extreme, the overall flux in a particular optical band used for sample selection can reduce the signal-to-noise ratio and cause BALQSOs to be excluded from a sample. Second, BALQSOs tend to be highly reddened, which can make them more optically faint and less likely to have the high signal-to-noise ratio spectra needed for identification. LoBALs in particular are more reddened than HiBALs, perhaps due to larger quantities of dust near the central AGN (Sprayberry & Foltz 1992 ).
Article number, page 5 of 19 A&A proofs: manuscript no. ms We first examine the distributions of bolometric 2 and radio luminosities, to assess whether there is a selection effect due to the flux limits of SDSS and LDR1. Figure 3 shows the radio luminosity at 144 MHz plotted against the bolometric luminosity, as well as the associated distributions of these parameters for BALQSOs and quasars. The spread in low-frequency radio luminosity remains roughly constant across the entire range of bolometric luminosities, implying that there is no bias towards certain radio luminosities with bolometric luminosity in this sample. A 2D Kolmogorov-Smirnov test cannot rule out the null hypothesis that the underlying distributions of the two populations are the same (p = 0.21 for non-BAL vs. BALQSO, p = 0.37 for LoBAL vs. HiBAL). It is worth noting that selecting only LoBALs from the BALQSO sample does not significantly shift the bolometric luminosity distribution to the right, indicating that we are not missing a significant fraction of fainter LoBALs.
We address radio-loudness in a later sub-section, but for now we note that there is no strong correlation between low-frequency radio luminosity and optical bolometric luminosity; i.e., the spread in radio luminosity remains similar from the low to high bolometric luminosity end of Figure 3 . The lack of a strong correlation between radio luminosity and bolometric luminosity suggests that the radio properties of optically bright and faint BALQSOs are similar. This is in agreement with Morabito et al. (2014) , who compared optically faint and optically bright BALQSOs and showed that there is no strong evidence for difference in absorption line properties. As radio emission is unaffected by dust, the presence or absence of dust will not impact whether we detect radio emission if it is present in reddened BALQSOs.
A small fraction of quasars were selected for inclusion in the SDSS sample from their compact morphology in FIRST. As we are interested in the radio detection fraction, this could potentially bias our results. We removed these objects using the targeting flags in DR12 and verified that this does not change our results. We did find that LoBALs were slightly preferentially selected by FIRST de-2 Bolometric luminosities are from Shen et al. (2011) and are calculated from monochromatic luminosities using the bolometric corrections from Richards et al. (2006) . Different monochromatic luminosities are used for different redshift ranges; see Shen et al. (2011) tections (at the ∼10 percent level), perhaps because the BAL features affect the optical colours, moving some LoB-ALS out of the SDSS colour-selection space, but again our results do not change within the uncertainties reported in this paper.
To further test if selection effects are important, we plot in Figure 4 the ratio of the radio detection fractions of BALQSOs and LoBALs to non-BAL quasars as a function of bolometric luminosity. The ratio of LoTSS detections decreases rather than increases with increasing luminosity, in- dicating the increased radio detection fraction in BALQSOs and LoBALs cannot be explained by a selection effect which favours non-BAL quasars over BALQSOs at low bolometric luminosities. Due to the smaller number of LoBALs in the sample, the uncertainties are larger than for all BALQSOs, but the trend is similar. An even steeper trend might be possible, with a higher LoBAL to non-BAL radio detection fraction at lower bolometric luminosities, but a larger sample is needed to confirm this.
Fraction of BALQSOs as a function of radio luminosity
For the subset of quasars that are detected in LDR1, we consider the BALQSO fraction as a function of lowfrequency radio luminosity (assuming α = −0.7), see Figure 5 . Within the error bars, there is no increase of the fraction of quasars which are BALQSOs in all except the highest radio luminosity bin. The final bin is inconsistent with the rest of the data; this may be due to the fact that LDR1 is limited in sky coverage and there are only three BALQSOs in this bin, although the uncertainties on the fraction remain small since the number of non-BAL quasars does not decline as rapidly with increasing radio luminosity. As LoTSS observes more of the sky, it will be interesting to revisit these results. The trend at 144 MHz for the BALQSO fraction of radio-detected quasars to remain constant with radio luminosity is inconsistent with what has been seen with FIRST detections (e.g., Shankar et al. 2008) . To check this, we made the same plot as Fig 5 but using FIRST detections rather than LDR1 detections. This is shown in the left panel of Figure 6 . Even using our expanded sample of FIRST detections rather than the DR7-FIRST associations, there are only 381 FIRST sources rather than the 1 582 LDR1 sources. We find, consistent with previous results, that the BALQSO fraction decreases with increasing radio luminos- ity. Our values are consistent within the uncertainties with Shankar et al. (2008) , although our bin sizes and uncertainties are larger. To check that the constant BALQSO fraction with low-frequency radio luminosity for LoTSSdetected sources is not driven by the much larger sample size, we repeated Figure 5 for LoTSS-detected sources but only used sources which had FIRST detections. This is shown in the right panel of Figure 6 , and although the uncertainties are large, we find again that the BALQSO fraction is constant within the uncertainties, again with the exception of the highest luminosity bin, which is likely to be limited by the relatively small sky coverage of LDR1. The BALQSO/LoBAL/HiBAL fractions of radiodetected quasars decrease with increasing radio luminosity at 1.4 GHz and are constant with increasing radio luminosity at 144 MHz, even when using only the LoTSSdetected sources which have FIRST counterparts. This implies that the two observing frequencies may be tracing different sources of radio emission. However, we do note that small-number statistics may still be dominant, as the first power bin of 10 24−25 W Hz −1 only has a single (LoBAL) BALQSO in it.
Radio Loudness
Radio loudness is generally defined by the ratio of radio to optical luminosity (e.g., Kellermann et al. 1989) , R = L radio /L optical . Typically this is done using the radio luminosity at 5 GHz and the optical luminosity at B band (∼ 450 nm). Ratios of R > 10 are generally considered to be radio loud. Here we use L 144 MHz for the radio luminosity and the luminosity derived from the PS1 g-band GHz for the sources with FIRST counterparts. Right: Fraction of BALQSOs, LoBALs, and HiBALs in the overall quasar sample as a function of radio luminosity at 144 MHz, but for only the sources with FIRST counterparts. As discussed at the beginning of Sect. 3.2, the highest luminosity bin may be heavily biased by the small number of sources and the limited sky coverage; these points have been shaded out.
(λ eff = 481 nm), L g for the optical luminosity. We do not convert the radio luminosity to 5 GHz because we do not have enough information on the radio spectral index values (spectral index values are discussed in Sect. 3.5) to know that this can be done correctly. Using a typical spectral index of α = −0.7 to extrapolate the radio-loud cut-off from 5 GHz to 144 MHz, we define log(R 144 MHz ) > 2 as radioloud. The distributions of log(R 144 MHz ) are shown in Figure 7 . It is clear that the distribution of radio loudness for non-BAL quasars extends to higher values of log(R 144 MHz ), while BALQSOs and LoBALs all have values of log(R 144 MHz ) < 2.5. In the non-BAL quasar distribution, there is slight evidence for two peaks, one at ∼ 1 and one at ∼ 3.5. This could be evidence for two different populations of non-BAL quasars: one which has radio to optical luminosity ratios similar to BALQSOs, and one in which the radio luminosity is stronger. Using the definition of log(R 144 MHz ) > 2 we find that 7 LoBALs and 11 HiBALs are radio-loud, for a total of 18 radio-loud BALQSOs. The majority of BALQSOs would be classified as radio-quiet, although the distribution of log(R 144 MHz ) smoothly extends across the border of radio-quiet/radio-loud and is not a clear dichotomy.
We find, similar to Becker et al. (2001) , that there is a smooth distribution across the historically-defined division between radio-quiet and radio loud, with a sharp drop in the BALQSO distribution above a certain radioloudness value. Becker et al. (2001) found this to be at log(R 5 GHz )> 2, while we see the a drop in BALQSOs around log(R 144 MHz )∼ 2.5 and LoBALs just above log(R 144 MHz )∼ 2. This drop is not seen in the non-BAL quasars. Qualitatively, our results agree with Becker et al. (2001) . It is not clear whether this drop off is physically meaningful, or due to the fact that both the population of BALQSOs and the population of extremely powerful radio sources (which are more likely to be radio-loud) individually have low number density; the combination of these populations will have an even lower number density. The sharp drop in radio loudness could therefore be due to the lim-ited sky coverage of LDR1 -which will only become clear as LoTSS covers larger areas of the sky.
Radio sizes
The LDR1 catalogue provides the sizes of radio sources. We use either the LOFAR Galaxy Zoo size, if it exists, or 2 times the full width at half maximum (FWHM) of the deconvolved major axis (for more details on why the factor of 2 is appropriate see Sect. 2.1 of Hardcastle et al., submitted) to determine the projected largest linear size (LLS). FIRST also provides the FWHM of the deconvolved Gaussian fit to the radio source, which we multiply by 2. Figure 8 shows the distributions of the logarithm of the largest linear sizes for both LDR1 and FIRST, as well as the LDR1/FIRST LLS ratio. This was divided into non-BAL quasars and BALQSOs for comparison of the two populations, and further divided into resolved and unresolved for LDR1. It is clear that for both populations, the median LLS is larger for LDR1. The BALQSO radio sizes also tend to be smaller than the non-BAL quasar radio sizes. The size ratios for both populations are similar, with the exception of a long tail towards higher size ratios for the non-BAL quasars. A Kolmogorov-Smirnov test cannot rule out the null hypothesis that the underlying distributions of size ratios are the same (p-value = 0.15).
The majority of sources are unresolved in LDR1, and only seven BALQSOs, one of which is a LoBAL, are resolved, although still single-component radio sources. We show the resolved BALQSOs as well as a selection of resolved non-BAL quasars, and unresolved BALQSOs and non-BAL quasars in Appendix A. The fact that all but seven BALQSOs are unresolved at 6 is consistent with previous results (e.g., Becker et al. 2000; DiPompeo et al. 2011 ) which find that the radio emission from BALQSOs is compact. While we cannot determine the morphology of the radio emission at the resolutions in LDR1 and/or FIRST, the fact that the LDR1 radio sizes are on average larger than the FIRST radio sizes is suggestive of the radio emission being due to synchrotron-dominated jets with an AGN core (e.g., Cegłowski et al. 2015; Bruni et al. 2013; Liu et al. 2008) . LOFAR is capable of sub-arcsecond resolution (e.g., Varenius et al. 2015; Morabito et al. 2016) , and follow-up studies to resolve the morphology of the low-frequency radio emission will be informative.
The observed characteristics of radio jets can be linked to either evolution or orientation, although orientation effects will always be present. Radio jets have historically been used as a proxy for orientation (e.g., Barthel 1989; Morabito et al. 2017) , as their projected linear sizes will depend on the jet angle to the line of sight. If a class of objects has jets of approximately the same size (or size distribution), those oriented with the jets in the plane of the sky will have larger projected LLS size ratios, and those with jets oriented along the line of sight will have smaller projected LLS size ratios. If balnicity is also a proxy for orientation, there should be a correlation between BI and the LLS size ratios. We plot this in Figure 9 for HiBALs and LoBALs. While both the LoBAL and HiBAL samples show a suggestion of an anticorrelation between BI and LDR1/FIRST LLS size ratio (stronger for LoBALs than HiBALs), there is not enough data for this to be significant. As LoTSS expands to cover more of the sky so will our sample size, and this will be an interesting question to Table 2 . Weighted median spectral index values and bootstrapped uncertainties, for sources detected at both frequencies.
Sample
Weighted median±bootstrap uncertainty All quasars −0.65 ± 0.087 non-BAL quasars −0.65 ± 0.091 BALQSOs −0.094 ± 0.25 LoBALs −0.26 ± 0.14 HiBALs −0.094 ± 0.32 revisit. In particular, if we find that a full range of jet orientations is possible in BALQSOs, this might mean that the BAL winds have a covering fraction of close to 1, implying that they are at a special quasar evolutionary stage. Alternatively, BAL winds could emerge at a range of angles as suggested by, e.g., Yong et al. (2018) .
Spectral properties
We next examined the spectral properties, using both LDR1 and FIRST flux density measurements. We caution the reader that LDR1 is approximately 10 times deeper than FIRST, and therefore will be biased towards sources with flatter spectral indices. We tried cross-matching the sample with WENSS to provide an intermediate frequency, but the only matches were for non-BAL quasars. Figure 10 shows the LDR1 vs. FIRST measured radio luminosities, and Tab. 2 shows the weighted median of the spectral index values (calculated only for sources detected in both LDR1 and FIRST) for different sub-samples, with bootstrapped errors. In Figure 10 we have drawn two lines of constant spectral index, at α = −0.5 and α = +0.5. The majority of sources detected in both surveys lie within these two lines, although there are more sources clustered around α = −0.5 than around α = +0.5. Upper limits for sources detected in LDR1 but not FIRST are shown as arrows 3 in Figure 10 , and do not exclude a large portion of the expected parameter space. The median values, listed in Tab. 2 show a tendency for BALQSOs to have flatter spectral indices than non-BAL quasars, with HiBALs having spectral indices consistent with flat spectra. Without an intermediate frequency measurement, it is difficult to know whether the flat spectral index values are caused by truly flat spectra, or spectra that peak at intermediate frequencies as BALQSOs are known to do. Follow up observations with, for example, the Giant Metre-wave Radio Telescope at 610 MHz will help determine the intrinsic shape of the radio spectra.
LoBAL fractions
Finally, we investigated the fraction of BALQSOs which are LoBALs as a function of radio luminosity. LoBALs are thought to be either normal BALQSOs viewed along a particular line of sight or the progenitors of HiBALs/non-BAL quasars. We plot the fraction of LoBALs as a function of radio luminosity in Figure 11 for both LDR1 and FIRST radio luminosities. To aid the comparison, we have shifted the LDR1 radio luminosity abscissa by an amount equivalent to the median spectral index of the sample, although we stress that low-and high-frequency radio luminosities may be re-A&A proofs: manuscript no. ms lated to different radio emission processes, and we should look at general trends only when comparing the fraction of LoBALs. Although the number of FIRST-detected LoBALs in DR7 is small, we wish to compare our results with previous studies. We therefore show the fraction of LoBALs in the FIRST sample adjusted by the ratio of LDR1/FIRST cross-matched detections to the historic DR7 FIRST detections. We find that our fractions of LoBALs for the FIRSTadjusted values in Figure 11 agree well with Figure 7 in Dai et al. (2012) .
The LoBAL fraction in the FIRST sample remains constant with radio luminosity, although the uncertainties are large. The median values (and bootstrapped uncertainties) are 0.20 ± 0.01 for LDR1, 0.33 ± 0.08 for FIRST, and 0.11 ± 0.03 for FIRST-DR7 samples. The two main results from this are: the fraction of LoBALs is lower amongst LoTSS-detected sources than FIRST-detected sources, and that there is a significant number of LoBALs which were missed in previous FIRST samples of BALQSOs. 
Absorption line properties
BALQSOs are identified by their BI, which is defined in terms of the strength of the broad absorption lines. If the radio emission in BALQSOs is related to the same processes that drive the broad absorption lines, we would expect to find correlations between radio properties and BI. In Figure 12 we plot the balnicity index (BI) as a function of radio loudness, and the radio luminosity at both 144 MHz and 1.4 GHz. In a sample of 29 BALQSOs, Becker et al. (2000) found an anti-correlation of BI and L 1.4 GHz for HiBALs (a Spearman rank coefficient of -0.85 and probability of 6×10 −5 ), and no correlation for LoBALs. We tested for correlations by calculating Spearman's correlation coefficient and p-values. All of the results had low significance, indicating that their BI is not correlated with log(R 144 MHz ), L 144 MHz , or L 1.4 GHz ; see Tab. 3 for the results. This suggests that the anti-correlation reported by Becker et al. (2000) was likely due to a combination of the small sample size of the FIRST-detected BALQSOs and the inclusion of objects with BI = 0 in the BALQSO sample. However, we caution that even with the expanded FIRST sample in this paper, which is more than a factor of three larger than the DR7 FIRST sample, the number of BALQSOs with measured BI and radio detections at 1.4 GHz is still only 31 sources; this compares to 22 sources with BI > 0 in the Becker et al. (2000) sample. As LoTSS expands to covers larger areas, revisiting the relationship between BI and radio properties will be instructive. Finally, we investigate the dependence of the radio detection fraction of BALQSOs on BI, for both LDR1 and FIRST sources. This is shown in Figure 13 . For LDR1, the radio detection fraction increases from 0.187 −0.056 . Although the uncertainties are large for the FIRST points, and for the higher bins of the LDR1 points, the lowest and highest bins are inconsistent with each other, for both samples, indicating a positive correlation of radio detection fraction with BI. The radio detection fraction is higher for LDR1 than FIRST, but the radio detection fractions increase in a similar way. To show this, we plot the ratio of the radio detection fractions in the bottom panel of Figure 13 . This ratio is constant within the uncertainties for the entire range of BI for which there is data in both surveys. We remind the reader that we checked that these results are robust when removing FIRST-selected quasars/BALQSOs, which could bias the radio detection fraction. The correlation between radio detection fraction and BI is evidence for a physical link between the two phenomena. However, the lack of any correlation between BI and radio luminosity or radio loudness, coupled with this correlation between radio detection fraction and BI, indicates that although the radio and broad absorption lines are related to the same underlying physical process(es), they are spatially unrelated. This is inconsistent with models where the radio emission is generated directly from disc winds.
Discussion
The low frequency radio properties of BALQSOs studied here have implications for the origin of the BAL phenomenon, the origin of the radio emission in BALQSOs and RQQs and the general connection between accretion and outflow in quasars.
Where does BALQSO radio emission come from?
Overall, our results can be explained by a scenario in which the low-frequency radio emission in BALQSOs comes from jets/lobes while the higher frequency radio emission comes from an AGN core. This is supported by the larger sizes of the radio emission at low radio frequencies when compared with high frequencies. The radio luminosities at low and high frequencies are correlated with each other, which is consistent with both processes being driven by the same AGN. One possibility is that these AGN could be undergoing rapid bursts of activity, and the low-frequency observations trace the steep-spectrum remnants of previous outbursts, while the high frequency observations trace the current AGN activity, as suggested by Bruni et al. (2015) and .
We favour the AGN scenario over radio emission from star formation or a BAL outflow itself for the following rea- sons. Star formation produces both free-free emission from H ii regions as well as synchrotron radiation from supernova remnants. Observations at low-frequency will measure the synchrotron emission, while 1.4 GHz will measure a mixture of synchrotron and free-free emission. The resolution element of FIRST is 5 which is much larger than the typical size of galaxies at the redshifts of our sample (z > 1.7), so we do not expect star formation to be resolved out if it is above the flux limit. For the higher frequency radio emission to be consistently coming from a smaller region than the low-frequency radio emission would require supernova remnants to be spread throughout a galaxy, and strong free-free emission from a central region. This could be explained by a central starburst following relatively recent wide-spread star formation, but this would be required in a majority of BALQSOs and is not supported by any other evidence (e.g., Gürkan et al. 2018) . In particular, the low-frequency radio luminosities of the BALQSO sample here are above 10 24 W Hz −1 which Gürkan et al. (2018) find to be too luminous for star-forming galaxies drawn from LDR1.
Although there is an at least an indirect connection between BAL outflows and their 144 MHz radio emission, as evidenced by the increased LDR1 detection fraction at high BI, the lack of correlation between BI and radio power implies that BAL winds themselves do not produce the radio emission. This supports a scenario where synchrotronemitting regions are physically distinct phenomena from BAL winds (the geometry of collimated jets make this likely). However, positing that the BAL winds do not produce the radio emission relies on BI roughly tracing the expected radio luminosity of a disc wind through its dependence on mass-loss rate. BI can also be expected to vary with the ionizing spectrum and viewing angle Higginbottom et al. 2013) . BAL trough variability (e.g. Capellupo et al. 2011; McGraw et al. 2018 ), due to, e.g., breaking of azimuthal symmetry (Dyda & Proga 2018) , could lead to substantial scatter in BI for a constant wind kinetic power. If the radio emission originates from a larger-scale blast wave shock driven by intermittent episodes of wind activity it is plausible that BI would not correlate with radio emission, but such a model has too many uncertainties and degrees of freedom to be tested reliably. The distinction between 'wind' and 'jet' is also less well-defined in this case. It has been suggested that BAL outflows can lie at large distances from the central BH . This can be explained by a model in which the absorption troughs are formed in shocks when a quasar blast wave collides with a dense interstellar clump . Sources with BAL trough variability would prove particularly interesting to study at low frequencies and may permit tests of wind feedback models (e.g. Silk & Rees 1998; King 2003; Costa et al. 2014) . Overall, a scenario where the low-frequency radio emission is due to jets is more likely than wind-driven blast waves, although these cannot be ruled out at this point.
Our interpretation of the low-frequency radio emission stemming from jets is also supported by VLBI observations of radio-loud BALQSOs at higher frequencies, which find evidence for small-scale jets. Regardless of the morphology revealed by VLBI, BALQSOs generally have compact radio sizes (Doi et al. 2013; , and are preferentially radio-quiet (Stocke et al. 1992; Becker et al. 2000, this work) . If small-scale jets are ubiquitous in BALQSOs, why do they not grow to the same sizes as radioloud Fanaroff-Riley (Fanaroff & Riley 1974) type sources? It is tempting to draw the comparison to CSS and GPS sources, which are thought to be either young sources where the jets have not yet had time to grow, or sources with dense galactic environments which frustrate the jets and keep them contained on sub-galaxy scales.
Implications for the BAL phenomenon: orientation versus evolution
Drawing conclusions about the impact on the orientationand evolution-based models for the BAL phenomenon is difficult. What we can say is that the physical picture we think is most likely from our results is that the radio emission arises from jets which are physically distinct from BAL winds. The tentative anti-correlation of BI with LDR1/FIRST LLS ratio suggests that the larger this ratio is (and thus more in the plane of the sky) the weaker the BAL winds are. In an orientation-only model, this would imply that the BAL winds are co-oriented with the direction of the radio jets, which we do not think is likely (although polar winds have been seen in a handful of BALQSOs, see e.g., Ghosh & Punsly 2007; Zhou et al. 2006) . This is suggestive that BALQSOs could be at a particular evolutionary stage. In the evolutionary picture, the tentative anti-correlation of LDR1/FIRST LLS ratio with BI could imply larger jets/lobes (and therefore perhaps older) are associated with weaker BALs. This is consistent with an evolutionary picture where the central quasar produces radio jets, which begin to drive the outflows we see in BALQSOs -as the jets increase in age and clear out more material, the covering fraction of absorbing material, and thus the BI, will decrease. While radio spectral information can provide a proxy for orientation, the spectral indices presented here are calculated point-to-point from 144 MHz to 1.4 GHz and we cannot distinguish if objects have truly flat spectra or are peaked in between these two frequencies. Consequently we do not draw any conclusions from the current spectral information.
Although our results do not clearly favour orientation or evolution dependent models, we have learned something about the geometry of the individual components of BALQSOs: the BAL winds and source of radio emission appear to be spatially distinct phenomena. As LoTSS continues to survey the Northern sky the data collected will help readdress this question with more concrete evidence.
Accretion properties
Accretion is likely to be the ultimate energy source for jets and winds across the mass scale, and there is an intimate connection between the accretion onto the object and the outflows from it; in X-ray binaries, winds and jets tend to appear in specific accretion states (Fender et al. 2004; Ponti et al. 2012) , a phenomenon which is also observed in accreting white dwarfs (Körding et al. 2011) . The latter are particularly relevant systems to quasars, as their discs peak in the UV (Warner 1995) , they have UV-absorbing disc winds (Cordova & Mason 1982) and also emit significantly at radio wavelengths (Coppejans et al. 2015) . In AGN and quasars, the connection between discs and jets is less well understood, but the principles from XRBs have been extended to both radio-loud and radio-quiet systems Körding et al. 2006) .
A useful way to parameterise the accretion state of a disc is through the Eddington ratio, defined as
where σ T is the Thomson cross-section, m p is the proton mass, G is the gravitational constant and c is the speed of light. Quasar winds should care about this ratio. The discovery of line-locking signatures (Arav et al. 1995; Arav 1996; North et al. 2006; Bowler et al. 2014) suggests that BALQSO winds are at least partially driven by radiation pressure on spectral lines ('line-driving'; Castor et al. 1975; Proga et al. 2000; Proga & Kallman 2004) . If so, winds should be produced at relatively high Eddington ratios, when the disc is radiatively efficient and there is plenty of UV radiation to impart momentum to the flow. Given the expected connection between winds, jets, and the accretion state, it is useful to investigate the Eddington ratio distributions of our sources.
In Figure 14 we show the normalised distributions of Eddington ratios for non-BAL quasars, BALQSOs, and LoBALs with and without LDR1 detections. The Eddington ratio can be affected by large systematic uncertainties in estimates of L bol (Richards et al. 2006; Runnoe et al. 2012) and M BH (Jarvis & McLure 2006; Lamastra et al. 2006; Marziani & Sulentic 2012; Denney 2012; Coatman et al. 2016) , but it nonetheless gives us a convenient, approximate way of quantifying the accretion rate normalised to the BH mass. We find that our radio-detected sources lie almost exclusively in the range 0.01 η Edd 1, roughly as expected for an optically thick, radiatively efficient accretion disc (e.g. Shakura & Sunyaev 1973; Maccarone 2003; Qiao & Liu 2009 ). This distribution is largely a result of the underlying distribution in the quasar catalogue. The KolmogorovSmirnov test shows no statistically significant differences between any of the different sub-samples of BALQSOs. The BALQSOs and LoBALs show a similar distribution of Eddington ratios to non-BAL quasars, confirming that the situation in quasars is less clear-cut than in X-ray binaries, in agreement with, e.g., Sikora et al. (2007) .
Summary and conclusions
In this paper, we have investigated the low-frequency radio properties of BALQSOs in LDR1. We examined the radio detection fractions of BALQSOs, which we also divided into LoBALs and HiBALs. We investigated the properties of radio-loudness, radio sizes, and radio spectra. We also studied the fractions of BALQSOs/non-BAL quasars and LoBALs/BALQSOs, as a function of radio power. We were able to expand on previous studies at 1.4 GHz with improved cross-matching between FIRST and SDSS via LO-FAR/PS1 cross-matching. Our main results are as follows:
-BALQSOs are twice as likely to be detected than non-BAL quasars in LDR1 at 144 MHz, with LoBALs having a radio detection fraction 1.6 times that of than HiBALs. This trend persists even for a sub-sample of HiBALs with the same median BI of the LoBALs. -Within the subset of LDR1-detected quasars, the LoBAL, HiBAL, and overall BALQSO fractions are constant with increasing radio luminosity at 144 MHz. This trend holds even when selecting only sources with radio counterparts detected in FIRST. This is inconsistent with what has previously been reported at 1.4 GHz, which implies that the low and high frequencies may be tracing different sources of radio emission. -The majority of BALQSOs would be classified as 'radioquiet' based on the classical definition. We do not find clear evidence of any bi-modality of 'radio-quiet' and 'radio-loud' BALQSOs, although a slight bi-modality does appear in the distribution of log(R 144 MHz ) for non-BAL quasars. -The radio sizes of BALQSOs at 144 MHz are generally less than about 200 kiloparsecs. When comparing to FIRST radio sizes, we find that BALQSOs tend to be larger at 144 MHz than at 1.4 GHz, consistent with systems dominated by jets/lobes at low frequencies and AGN cores at high frequencies. -The radio spectral indices of BALQSOs, in particular LoBALs, between 144 MHz and 1.4 GHz tend to be flatter than those of non-BAL quasars, although whether this is due to intrinsically flat radio spectra or radio spectra peaking in between these two frequencies is unclear.
-The fraction of BALQSOs which are LoBALs remains constant within the uncertainties with increasing radio luminosity at 144 MHz. -We find no correlation between BI and log(R 144 MHz ), L 144 MHz , or L 1.4 GHz . We do find that the radio detection fraction in both LDR1 and FIRST increases with increasing BI, and that this happens in the same way for both surveys. -The fact that the radio detection fraction is correlated with BI, but not radio properties such as luminosity or radio-loudness, indicates that the radio emission and BI are initiated by the same process, but are physically separated from each other. That is, the radio emission cannot be generated by the same disc winds that drive the BI.
In the future, LoTSS will cover the entire Northern sky, providing tens of thousands of radio-detected BALQSOs. Such a large sample will enable us to improve on the work presented here by reducing the uncertainties and allowing us to refine bins in radio power and BI to further investigate the dependence of radio-detected BALQSOs on these properties. In the meantime, follow up studies of this sample at intermediate frequencies (e.g, the Giant Metre-wave Radio Telescope at 610 MHz) will help determine the shape of the radio spectra of BALQSOs, which we were not able to do here. Future data releases from LoTSS will include in-band spectral indices, which will provide further information. Finally, by using the international stations of LO-FAR we can achieve sub-arcsecond resolution to observe the spatially resolved low-frequency morphology of LoTSSdetected BALQSOs. The data used in work was in part processed on the Dutch national e-infrastructure with the support of SURF Cooperative through grant e-infra 160022 & 160152. This research has made use of data analysed using the University of Hertfordshire high-performance computing facility (http://uhhpc.herts.ac.uk/) and the LOFAR-UK computing facility located at the University of Hertfordshire and supported by STFC [ST/P000096/1].
